The engineering characterization of heterogeneous and complex geological formations for estimating their rock mass strength and deformability characteristics constitutes a challenge to geo-scientists and engineers dealing with the design and construction of slopes and tunnels. Mélanges and similar heterogeneous mixtures of hard blocks in weaker matrix, known as "bimrocks", present an overall strength significantly greater than the matrix strength, because the presence of rock blocks, above a threshold volumetric proportion, influences the mechanical characteristics and the behaviour of these rock masses. Moreover, recent studies have shown that the strength and mechanical behaviour of heterogeneous and composite rock masses such as flysch and molasses consisting of alternating layers of competent and incompetent rocks are governed by the presence and volumetric percentage of the interlayers of the weaker rocks.
Introduction
The quantitative description, characterization and classification of heterogeneous and chaotic rock masses, as well as the estimation of their strength and deformability are of great importance for the design of surface and underground engineering woks.
Complex geological mixtures such as melanges, fault rocks, tectonic breccias, pyroclastic rocks and sheared ophiolites can be considered as mixtures of blocks of competent rock embedded within a weaker matrix (block-in-matrix rocks or bimrocks, as introduced by Medley, 1994) . The overall uniaxial compressive strength and the shear strength characteristics of these rocks depend on the rock block proportions, taking into account the scale of engineering interest (laboratory to site scale).
Furthermore, heterogeneous and composite rock masses such as flysch and molasses consisting of alternating layers of two or more lithological units (mainly sandstone, siltstone or shale) present a strongly anisotropic behaviour. The first attempt to characterize, from an engineering geological point of view, and to present a methodology for estimating the Geological Strength Index (GSI) of these rock masses was made by Marinos and Hoek (2001) and Hoek et al. (2005) . tures and study their peculiar behaviour from an engineering point of view. The same author defined "bimrocks" as "a mixture of rocks composed of geotechnically significant blocks within a bonded matrix of finer texture". The ex pression "geotechnically significant blocks" means that there is a strength contrast between blocks and matrix, and consequently the volume and size of the blocks greatly influence the rock mass strength and deformability at the scales of engineering interest. Medley (1994) has suggested a threshold value of at least two (2) for the ratio of the uniaxial compressive strength (UCS) of rock blocks to UCS of ma trix for a geological rock mixture to be considered as a bimrock.
Scale effects
The engineering behaviour of these rocks is controlled by the presence both of bocks and matrix. It must be noted that neglecting the presence of rock blocks and considering only the strength of the weak matrix, is too conservative in estimating the overall strength of bimrocks. As rock block proportion increases, strength and stiffness increase and deformability decreases depending on the relative orientation of blocks to applied stresses (Lindquist, 1994; Lindquist and Goodman, 1994) . The weakest elements in bimrocks are the contacts between strong blocks and weak matrix, since matrix shear zones generally pass around blocks via the block/matrix contacts with the most intense shearing often present adjacent to the largest blocks.
Stress dis tributions in bimrocks depend on the lithologies; size distributions; orientations and shapes of blocks; and the orientations of matrix shears. All these factors influence stability of slopes (Medley and Sanz, 2004) and underground excavations (Button et al., 2003; Moritz et al., 2004; Riedmüller and Schu bert, 2002) .
Block sizes in mélanges can exceed several orders of magnitude, ranging between millimeters and tens of kilometers (Medley, 1994; Medley and Lindquist, 1995) and consequently small blocks at one scale of interest (i.e. laboratory rock specimen) may be part of the matrix at a larger scale (tunnel diameter). In order to study the scale effects in bimrocks, Med ley (1994) introduced a "characteristic engineering dimension, Lc" which depends on the volume of blocks relative to the dimensions of an engineering project. According to Med ley (1994), Lc may variously be: 1) an indicator of the size of the entire site (i,e, landslide area, A), such as the square root of A (√A) or the landslide depth; 2) the size of the largest block (dmax) at the site; 3) the height of a slope or excavation; 4) the tunnel diameter; 5) a footing width or; 6) the dimension of a laboratory specimen.
The smallest geotechnically significant block, as defined above, within a volume of bimrock is about 0.05 Lc, which is the threshold size between blocks and matrix at the chosen scale (Medley, 1994) . For any given volume of bimrock, blocks smaller than 0.05 Lc constitute greater than 95 percent of the total number but contribute less than 1 percent to the total volume of bimrock. These blocks smaller than the block/matrix threshold dimension have negligible effect on the bimrock strength and are considered as matrix material. The largest geotechnically significant block is about 0.75 Lc. In the case of the foundation of a bridge pier of 2m diameter (Lc = 200cm), blocks with dimensions smaller than 10cm (0.05 Lc) are consider as matrix. For the same bimrock, where a 20m diameter tunnel excavation is considered, rock blocks with dimensions up to 100cm belong to the matrix of the whole rock mass.
Estimation of volumetric block pro portions
As indicated above, to predict the mechanical properties of bimrocks, the volumetric block pro portion must be estimated in the engineering project site. When adequate number of boreholes has been executed in the site, the volumetric block proportion (VBP) of a bimrock can be approximated by measuring lin-ear block proportions of drilled cores (Medley, 1994) . The linear block proportion can be estimated as the ratio of the total length of rock cores to the total length of drilling. The minimum required length of sampling boreholes in total must be at least 10 times the size of the expected largest block in the bimrock (10Lc, or 10dmax). Using the measurement of drilled cores or scanlines on photographs for the VBP estimation are considered as one-dimensional (1-D) methods. Moreover, geological mapping and image analysis on scanned images or photographs from outcrops in the site of the engineering project are examples of two-dimensional (2-D) methods. Sieve analysis of bimrock samples is a three-dimensional (3-D), but can be used only for laboratory investigations of weak rocks, when separation of blocks from matrix is possible. If a significant density contrast between blocks and matrix exists, the overall density of the laboratory cylindrical specimens will vary directly in proportion to VBP.
Bimrock strength
Irfan and Tang (1993), Lindquist (1994) and Lindquist and Goodman (1994) determined that the overall strength of a bimrock is related to the volumetric proportion of the blocks. Lindquist (1994) suggested that below about 25 percent volumetric block proportion, the strength and deformation properties of a bimrock is that of the matrix; between about 25 percent and 75 per cent, the friction angle and modulus of deformation of the bimrock mass proportionally increase ( Figure 4 ). Beyond 75 percent block proportion, the blocks tend to touch each other and there is no further increase in bimrock strength, since the strength of the individual blocks is generally considered to has no effect on the bimrock overall strength (Medley, 1994) .
In order to investigate the shear strength characteristics of bimrocks, laboratory specimens could be considered as scale models of the in situ rock masses. Given that the diameter of the laboratory specimens is the charac teristic engineering dimension (Lc), blocks included in the specimens are considered to be those with maximum dimensions between about 0.05 (5 percent) and 0.75 (75 percent) of the specimen diameter (in case of cylindrical specimens). The volumetric block proportions of each speci men can be determined after disaggregating them and wash sieving to retrieve the blocks. The volume of blocks (and thence the volumetric block proportion) can also be esti mated by measuring the specific gravity of the blocks and weighing the specimens (Lindquist, 1994a) . Medley (1994) described methods of approximating block proportions from scanlines drawn on the side of specimens or image analysis of specimen exteriors, although these measures are gener ally not the same as volumetric proportions. Ψηφιακή Βιβλιοθήκη Θεόφραστος -Τμήμα Γεωλογίας. Α.Π.Θ.
Laboratory specimens of bimrocks exhibiting a range of volumetric block proportions could be tested using multi stage triaxial compression or direct shear tests for measuring effective friction angle and cohesion as a function of volumetric block proportion. The overall volumetric block proportion of the bimrock, as estimated from borehole data, can be used to determine the strength of the bimrock on site. Sönmez et al. (2004 Sönmez et al. ( , 2006 studied the mechanical behaviour of Ankara agglomerate, a mixture of volcanoclastic blocks and tuff matrix. The blocks ranged in size from a few centimetres to about one meter ( Figure 5 ). The 2D measurements of blocks in the Ankara Agglomerate revealed that these blocks composed of pink (lighter) and black (darker) andesite ranged between 1 and 70 cm (mean value, 11 cm).
By conducting uniaxial compression tests on specimens of andesite rocks, it was determined that the average values of UCS for pink and black andesite blocks are about 50 and 90 MPa respectively and that of the tuff matrix 10 MPa. The minimum and maximum ratio of UCS of blocks to the UCS of tuff matrix is 2.5 and 19, respectively. The maximum and mini mum UCS values of NX-size core specimens of Ankara Agglom erate were 5.7 and 55 MPa, respectively, and the average UCS value was 24.9 MPa.
However, separation of the andesite blocks from weak tuff matrix was impossible by using sieve analysis because of the tuff matrix acting as cementing agent. So, image analy sis methods were used to estimate the volumet ric block proportions. However, a composite block proportion was used to study the differences in overall UCS due to differences in the proportions of the two different andesite block types. A weighted "equivalent block proportion", or EBP, accommodates two or more types of blocks differing in individual mechanical proper ties:
where, VP i is the volumetric block proportion of ith block, UCS is the uniaxial compressive strength, n is the number of different types of blocks, and UCS max _block is the uniaxial compressive strength of the stronger block type.
The uniaxial compressive strengths of the An kara Agglomerate specimens were then normal ized by dividing them by the average uniaxial compressive strength of the matrix: this parameter is denoted as UCS N . The relationships of Fig ure 6 are non-linear, particulary above about 70 % equivalent block proportion, suggesting that the dependence of overall bimrock strength on block proportion is more complex than previously un derstood and further study is required. The plot also indicates that at high equivalent block porportions the overall bimrock becomes uniformally stronger. This behaviour shows that at high volu metric block proportions (greater than about 70 to 75 %), block/matrix rock mixtures should be considered as very blocky to disintegrated rock masses, according to GSI (Marinos and Hoek, 2000) for which the Hoek-Brown failure criterion (Hoek et al., 2002) should be successfully applied. Kahraman and Alber (2006) Ψηφιακή Βιβλιοθήκη Θεόφραστος -Τμήμα Γεωλογίας. Α.Π.Θ. ure 7. These results are different from the findings of Sönmez et al. (2004, 2006) . The difference between the two studies is due to the matrix type. The matrix of Ankara Agglomerate was weaker than the andesite blocks, whereas the matrix of fault breccia studied by Kahraman and Alber (2006) was stronger than the weak blocks of slate. Karzulovic and Diaz (1994) studied the behaviour of a cemented breccia (Braden Breccia, Chile) for the design of underground openings in this rock. Any attempt to classify the rock mass was unsuccessful due to the presence of only few discontinuities. Therefore, it was decided to treat this rock mass as a weak but homogeneous "almost intact" rock and to determine its properties by means of triaxial tests on 100mm diameter specimens (Hoek, 2007) . The in situ GSI value of this breccia was estimated (not measured) close to 75 by a back analysis of the behaviour of underground openings and taking into account the laboratory results of the specimens tested. Marinos et al. (2005) presented a quantitative description of ophiolitic complex rock masses, using the GSI, and described the effects of serpentinisation and shearing on the mechanical behaviour of these rock masses in underground excavations. They considered low to very low GSI values (10 to 20) for ophiolite melanges and since it is very difficult to obtain σ ci from laboratory tests, they derived values of σ ci and m i from a back analysis of the behaviour of tunnels excavated in these rock masses. However, when these rocks have a soil-like behaviour the GSI assignment is meaningless. Carter et al. (2007) stated that, although the Hoek-Brown non-linear criterion (Hoek et al., 2002) for strength estimation of rock masses based on GSI classification system (Marinos and Hoek, 2000) proven in general remarkably successful for defining rock mass behaviour for underground and surface rock excavations, however difficulties have been experienced for very low strength rocks, i.e exhibiting an unconfined compressive strength, UCS = σ ci lower than about 15MPa, because in such cases the rock mass behaviour is less controlled by discontinuities. For these weak rocks Carter et al. (2007) proposed a transition (function of UCS = σ ci ) for rock masses and Mohr-Coulomb equivalent strength predictions for soils.
In many cases, mélanges or sheared serpentinites and other weak rocks with similar structure could be considered as bimrocks and their strength and deformation characteristics could be estimated by using the approach mentioned above for these rocks.
It must be noted that all the previous works for bimrocks have not considered their strength anisotropy due to blocks shape and orientation, which is an important factor since foliated and sheared bimrocks could exhibit a high anisotropic behavior.
Shear strength of tectonically disturbed and weathered flysch
Flysch represents a typical structurally complex formation with a wide distribution in central and western Greece. Heterogeneity of lithology, intense folding, shearing with numerous overthrusts and weathering, are the main reasons of critical slope stability and the activation of large scale landslides in this formation. The study of large landslides in tectonically disturbed and weathered flysch, affecting the road Trikala to Arta, close to the Elati village, showed that the sliding mass had a thickness of about 10m (Christoulas et al., 1988) . The characteris tic engineering dimension (Lc) for the landslide can be as sumed equal to the average thickness of the slide (10m). The block/matrix threshold was thus selected as 0.5m (0.05Lc), whereas the maximum dimension of observed blocks of sandstone or overthrusted limestone in the weathered zone of flysch was 3-5m. The exploration of the landslide area indicated that proportion of rock blocks with dimensions greater than the threshold value of 0.5m is about 20-30% (volumetric block proportion of weathered zone of flysch).
XLIII, No 1 -189
The shear strength characteristics of weathered flysch was determined by testing specimens in the large shear box apparatus, 300mm square and about 160mm thick (Christoulas et al., 1988, Kalteziotis and Tsiambaos, 1994) . The weathered flysch specimens were prepared with different block proportions ("gravels" percentage with dimensions greater than about 8mm, i.e. greater than 5% of the shear box thickness). The determined effective angle of friction was as high as 35 0 -40 0 for the specimens exhibiting a volumetric block pro portion of about 20%, as estimated by sieve analysis. Moreover, the fine grained portion of the flysch was tested in ring shear apparatus in order to estimate the residual shear strength characteristics of fine grained material of weathered flysch. The measured angle of friction of this material, representing the matrix of the weathered flysch, was ranged from 19 0 to 21 0 . It is obvious that considering the low values of angle of friction for slope stability analysis can lead to very conservative results. On the contrary, the specimens tested in the laboratory with volumetric block pro portions almost the same as those of the in situ weathered flysch gave more representative shear strength characteristics (angle of friction 35 0 -40 0 ). These estimated values of friction angle (considering no cohesion of disturbed flysch) can better explain the slope instability after taking into account the role of ground water and the pore pressure developed during the rainy season.
Heterogeneous, composite rock masses
Heterogeneous and composite rock masses are those consisting of two or more lithological units exhibiting a structure of alternating layers of competent and incompetent rocks with varying thickness.
Flysch and molasse constitute characteristic examples of such rocks. They are characterized by rhythmic alternations of sandstone and pelitic (fine grained) rocks such as siltstones, marls, shales and clay shales (Figure 8 ). Conglomerates and limestones can also be present.
For the benefit of the design of a large number of engineering projects in Greece in these rock masses, Marinos and Hoek (2001) , Hoek et al. (2005) and Marinos (2010) suggested modified charts for estimating the GSI for these heterogeneous and composite rock masses, based on the lithology, structure and surface conditions (for bedding planes in particular). They excluded from this procedure rock masses with predominant weak planar discontinuities which are probable to cause structurally controlled failures. Ψηφιακή Βιβλιοθήκη Θεόφραστος -Τμήμα Γεωλογίας. Α.Π.Θ.
Regarding the selection of the "intact" rock properties σ ci and m i , for flysch composite rocks, they suggested proportions of values ("weighted average") for each rock mass type of the proposed modified charts, reducing values of σ ci and m i of competent rocks (sandstones) up to 40%, when the layers of these rocks are separated from each other by weaker layers of siltstones or shales. Therefore, having defined the parameters σ ci , m i and GSI, the mechanical properties of the heterogeneous rock mass are estimated by using the Hoek-Brown failure criterion (Hoek and Brown, 1997) .
It must be noted that from the weak members of these heterogeneous rock masses it is very difficult to obtain "intact" core samples for determining the uniaxial compressive strength in the laboratory. Moreover, laboratory tests carried out on core samples often result in a lower strength value due to sampling and preparation disturbance. Marinos and Hoek (2001) insist that using the results of such tests in the Hoek-Brown criterion will impose a double penalty on the strength (in addition to that im posed by GSI) and will give unrealistically low values for the rock mass strength.
In such cases, the use of the point load test on samples in which the load can be applied normal to the bedding or any other weakness planes for estimating the uniaxial compressive strength of weak rocks is advisable. Tsiambaos and Sabatakakis (2004) and Sabatakakis et al. (2008) studied the relationship between the uniaxial compressive strength of intact sedimentary rocks and point load index Is (50) and estimated that the conversion factor k (σ ci = k Is (50) ) has no a single value, but varies from 13 for soft sedimentary rocks (i.e. shales and siltstones) exhibiting a value of Is (50) <2 MPa to 28 for harder rocks with values of Is (50) greater than 5 MPa (Figure 9 ).
The overall strength of heterogeneous and composite rock masses is one of the main research subjects the last decade. Goodman (1993) had emphasized that any combination of more than one lithlogical type of rock exhibiting different properties impose a complex geotechnical engineering problem. Greco et al. (1993) conducted a study for determining the strength and failure mechanism of composite rocks in the context of the stability analysis of the columns and masonry walls of a Cathedral, built with stones of different rock types. Testing cylindrical specimens made up of disks of various rocks, they observed different failure mechanisms for stratified disk specimen from those of single rock, while the loss of compressive strength for composite rock specimens was up to 70 percent in comparison with the uniaxial compressive strength of individual stones. Zainab et al. (2007) carried out a laboratory study to determine the strength of tropically weathered sandstone and shale in Malaysia. The composite samples were designed into three different thickness ratio of shale to the total height of specimens, H, each having 0.1H, 0.2H and 0.3H of shale.
Each specimen was then marked as composite 1, composite 2 and composite 3 respectively ( Figure  10 ). These composite samples were prepared to simulate the possible geometry profile of the constituents in the interbedded sedimentary formation.
From the analysis of test results, shown in Figure 11 , it is concluded that only a low percentage (i.e. 10%) of shale reduces the strength of composite rock specimen drastically by almost 70%. Recent laboratory research for the estimation of the strength and deformability characteristics of heterogeneous rocks is carried out in the laboratory of Engineering Geology and Rock Mechanics, of the Geotechnical Engineering Department, NTUA (Tziallas, 2010) . The composite rock specimens tested were made up of disks of sandstone and siltstone which belong to the Ionian flysch formation of Evinochori region (Figure 12 ). The intermediate siltstone disks were of varying thickness and the volumetric percentage of siltstone for the cylindrical composite specimens ranged from 10 to 50 percent. The uniaxial compressive strength of sandstone specimens ranges from 85 to 105 MPa and of siltstone specimens from 30 to 50 MPa.
According to the preliminary test results, the uniaxial compressive strength of composite specimens is significantly reduced when the siltstone percentage is increased from 10% to 20% (Figure 13 ). When the siltstone percentage of composite specimens is increased to about 30%, their uniaxial compressive strength is further reduced and becomes almost equal to the siltstone strength.
Further research is necessary to check the validity of these results and to study the deformability characteristics of composite rocks. 
